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ABSTRACT 


This thesis presents an approach for approximately analyzing the performance of 
multiple TCP connections over a network with partially shared links. In this kind of 
network, two or more TCP connections may be forced to share the bandwidth of a 
common link The number of packets for a TCP connection is modeled as being 
contiolled thnnigh a semairhore queue whose performance depends on the window size 
of the connection, 'I’his window size will also control the traffic flow contributed by this 
connection to the tiveiall network. The network can then be modeled as a multiple- class 
closed queuing network, which has then been solved using a Mean Value Analysis 
(MVA) approach We have used this approach to analyze the performance of a network 
with multiple TCP connections over shared links and have compared our analytical 
results against those obtained through simulations. We find that as long as the network is 
operated without congestion, our analytical approach can predict system performance 
with reasonable accuracy. 



Chapter 1 
Introduction 


Modeling and performance studies are major issues m design and implementation 
of networked communication systems and the protocols associated with it. There are 
many ways to model and study the performance of such systems and protocols. Queuing 
theory may be used to provide the basic framework and mathematical tools for this 
purpo.se. TCP/IP is a protocol suit that provides the rule to transfer a data entity from one 
computer to another computer throughout the world. This protocol hides the 
technological difterenees between networks and makes interconnection independent of 
underlying hardvvaie. TCP/IP is a network level protocol that provides foundation for 
peer to peer communication. Its ability to glue hetrogeneous local and wide area networks 
together makes it a capable integrator. There are two methods of application-to- 
application interaction - i.e. connection-oriented and connectionless. Connection- 
oriented communication is appropriate when the applications need a sustained 
interchange of stream of data. In contrast, applications engaged in connectionless 
communications exchange standalone message. The TCP in TCP/IP stands for 
transmission control protocol that provides reliable, connection-oriented, peer-to-peer 
communications. TCP allows multiple application programs on a given machine to 
communicate concurrently, and it demultiplexes incoming TCP traffic among application 
programs. TCP uses protocol port numbers to identify the ultimate destination within a 
machine. Each port is assigned a small integer used to identify it. TCP uses the 
connection, not the protocol port as its fundamental abstraction. Connections are 
identified by a pair of endpoints. TCP defines endpoints to be a pair of integers {host, 
port), where host is the IP address for a host and port is a TCP port on that host. Terminal 
login sessions and file transfers are carried over TCP We may view TCP as providing 
data calls analogous to voice telephone calls. A caller identifies the destination. At the 
other end, a listening application is alerted that there is an incoming call and picks up the 
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connection. The two ends exchange intorniation for a while. When they are finished, both 
parties say goodbye and hang up. TCP provides the flow contiol that enables the 
receiN’ei to legiilaie ihe rate at which the sender may transmit data To make the service 
reliable FC P uses the sliding window principle [2] TCP al.so contain mechanisms that let 
it respond to netwoik conditions, adjusting its own behavior to optimize performance. 
The bandwidth and delay ot the underlying network impose limits on throughput. 

In this thesis, we present a queueing network model for analyzing the 
perioimance ol multiple TCP connections. In a typical TCP connection, a data entity may 
have to traverse se\eral nodes before it reaches its destination. Each TCP connection 
repiesents a virtual route consisting of all the nodes between source to destination The 
connection between two nodes, called link is modeled as a queue. The window flow 
mechanism ol each TCP connection is taken care by semaphore queues as described in 
[ 1 ] Semaphore permits us to model node-to-node and end-to-end window flow controls. 
The flow and congestion control is taken by window flow control mechanism for each 
end to end connection. Multiple TCP connections have multiple window flow control. 
The problem of analyzing multiple window flow control mechanisms can be formulated 
as a multiple chiss tjueueing network with a population con.straint for each class. In each 
class the total number of packets allowed in a subnetwork cannot exceed a predefined 
number called vviiulow size of that class. A subnetwork consists of all the nodes that 
make a particulai TC’l* connection. A link may be shared by two or more than two TCP 
connections. In the model the.se links have traffic of all the classes. In Chapter 2 we 
introduce the concept of semaphore queue that is the basis of our models. An 
approximate solution to a queueing network involving one semaphore queue and multiple 
semaphore queues is also di.scussed in this. Chapter 3 describes the methods used for 
performance analysis of TCP connection We have described our proposed algorithm m 
this chapter. A computed result of the various examples and their validation against 
simulated results is also given in this. Finally the summary and the suggestions for the 
future work are given in Chapter 4. 
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Chapter 2 


Semaphore Queues 

2.1 Introduction 

Semaphore queues are basically used for modeling the window flow control 
mechanisms [ 1 1 A semaphore queue can be considered as a means of controlling the 
numbei ot customcis m a queueing network. We can use it in modeling of a computer 
communication ssstcm consisting of many viilual routes with a sliding window. 
Associated with this type of system there is a pool of W tokens where W is the window 
si/e A cu.stomer cannot traverse the network unless it has a token. Customers arriving at 
the network first .see the token queue. If there is no token available in the token queue, the 
customer is queued m the input queue. Otherwise if tokens are available in the token 
queue, the customeis have the permission to traverse the network Upon departure of a 
cu.stomer from the network, the token is returned back to the pool, after some delay called 
acknowledgment delay. This queueing system is analyzed approximately by reducing the 
network to a flow equivalent .server. The window flow control mechanism has been 
modeled tis an open t|ueueing system controlled by pool of tokens, as described in [3]. 

In this chapter, we present an overview of semaphore queues that is the base of 
our modeling for transmission control protocol (TCP). In Sec. 2 2 we introduced the 
concept of semaphore queues. An approximate solution to a queueing network involving 
one semaphore queue is given in Sec 2.3. In Sec 2.4 we give an approximate algorithm 
for analyzing a queueing network with multiple semaphore queue. 

2.2 A Queueing Network With Single Semaphore 

A semaphore station consists of an input queue f(S) and a token queue e(S). 
Customer arriving at the semaphore queue requests for a token. The customer departs 
immediately, if there is a token available in token queue e(S). Otherwise, the customer is 
blocked and it is forced to wait in the input queue f(S) until a token becomes available. 
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Thcretorc il ihero aic tokens in token queue e(S), then there are no customers in the input 
queue On the other hand, il there are customers in the input queue, then e(S) is empty. 

A customer having received a token leaves the input queue and enters network 1 
as shown in 1-ig 2 I 1 he total number ot tokens available is fixed to C i e. network 1 can 
be used at most bj ( customers. Also at any time, the customers m network 1 plus the 
returning tokens in network 2 will be less than or equal to C. 



Networks 1 and 2 are assumed to be of BCMP (Basket, Chandy, Muntz, and Palacios') 
type [7]. Customers arrive at the semaphore queue in a Poisson fashion at rate A,. 

At the instant the queue f(S) and c{S) contain a customer each, the two customers 
instantaneously ilepart Irom their respective queues and merge into a single operation. 
1'his operation can be fully depicted by the join symbol as shown m Fig 2.2 of Fork-Join 
queue 14]. 




o— ► 


— ^ “ 

) 


Join symbol 


Fork symbol 


Fig 2.2 Fork - join symbols 

Similarly Join symbol as shown in Fig 2.2 depicts that when a cu.stomer arrives at the 
point when customer departs from network 1 is .spilt into two siblings. Fork - Join queues 
deals with the situations when a given job is decomposed and distributed to be .serviced in 
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paiallel and aic aiigicgafcd attci the service completion of decomposed jobs. Fork 
pioccss voiiosjumds lo the decomposition and service in parallel and the Join process 
coiicsponds to the aparepation aftei completion of all the subjobs. 

2.3 Solution of the Semaphore Queue 


t onsidei the queueing network described in Fig 2 1. An exact analysis of this 
model IS lathei dilticull. It can he analyzed approximately using decomposition and 
aggregalion technique lo analy/.e the single semaphore queueing network, we first 
explain the sxstem shown in Fig 2..^ assuming that arrival process at queue e(S) is 
deseiibcii h\ a state xlependent arrival rate 7 (k) where k is the number of outstanding 
tokens 



The state of the system shown in Fig 2.3 can be described by tuple (i, j) where i is the 
number of customers in queue f (S) and j is the number of tokens in queue e(S). The rate 
diagram associated w-ith this system is shown in Fig 2.4. The rate diagram of this system 
IS identical to the rate diagram of M / M / 1 queue [5] with arrival rate X and a state 
dependent service rate -yin) if n < C, and y(C) if n > C. Where n is number of customers 
in this M / M / 1 queue and C is the total number of tokens available. 

The solution of this system is obtained by applying the classical results of M / M / 1 
queue. T’hus, we have 






/)(/,0) = p' p(0,0). 


/>(()■ /) = /H(XO); 


(2 1 ) 
( 2 . 2 ) 


whcie p = A/7iO and 


n( /) = 


/-I 


n y(C - U / > 0 
1 / = 0 

The piobahihiN /xO.O) is obtained by Conversion relation [4]. 

B\ conNciMon lelation. 


I 0 / {} 

X/>{/.o)+;£p(o,/) = 


(2 3) 

( 2 . 4 ) 


/-I 


;>(0.0)^p'+p(0,0)X^77^=l 


plO.O) 


,=1 

j |_'y ric./) 

-p H A' 


( 2 . 5 ) 


We can obtain the marginal probabilities for each queue Index 1 is for queue f(S) and 2 
is for queue c(S). 


/>,(()) = /)((), y) 

/ n 

= p(0,0) + ]^p(0,./) 


1=1 


= P( 0 , 0 ) + p( 0 , 0 ) 2 £^ 

,=i 4 

By putting the value of /)((),0) from equation 2.5 to equation 2.6 we get, 


(2.6) 


1 -p 

( 2 . 7 ) 

!i 

o 

o 

V 

o 

( 2 . 8 ) 

p,( 0 )=-L.p(o,o) 

i-p 

( 2 . 9 ) 
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(2 10 ) 


= 0</<c 

A 

Now, expression (2.1) to (2.10) are obtained as.suming that /(A:) is known. This can be 
appioximatelx tibtained by studying the clo.sed queueing network call it Q obtained by 
linking queueing networks 1 and 2 as shown in Fig 2.4. 



The analysis of the queueing network can be carried out easily seeing that we have 
assumed that net w oik 1 and 2 are of the BCMP type. Therefore we can calculate the 
throughput of queueing network Q with k customers where k= 1,2,3.. C. Then the 
thioughput of this closed queuing network Q will give the arrival rate /(A:) of the tokens 
at the token queue e(S). Now the mean number of customer in clo.sed queueing network 
can be obtained as follows. 

2.3.1 Mean Number of Customer in Closed Queueing Network Q 

Let /;, (m/ /;) be the probability that there are m cu.stomers in Qi i.e. in network 1 
given that there are /i customers in the closed queueing network Q, Pi(m)be the 
probability that there are m customers in Qi and <?(./) is the marginal probability 
distribution that there are ,/ customers in token queue e(S). 

For in > h , 

p^iml h) = 0 

=» /?,{w) = 0. 
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For 0 < 111 < h , 


/?,(/») = ^ /?,(/?/ //^)^/(C-/^) m = \,2 C (2.11) 


h=ni 


Hence, the mean number of customers in Qi is 

c 

m=\ 

C f C 

= Y,Piimlfi}q{C-h) 

m=l /»=/» 

= cy(C - /i)^ ) 


(2.12) 


/i=i 


m=l 


The quantity (»'//*) . .summed over m = 1,2 .C, is the mean number of customer in 

Qi given there are //customers in Q. Now if the mean response time of Qi as a function 
of the number of customers h in Q is /?(/i) . Thus, 

r 

'^nlp^(m / h) = y(h)R{h) 

HI -I 

Where yUi) is the late at winch tokens return to token queue c(S). 

Hence trom expression (2.12) 

Ly , = X ^( r -/ i ) 7(//)/?(/0 ( 2 . 13 ) 


2.3.2 Condition of Solution Existence 

The solution existence condition can be expressed as, 

l<y{C) (2.14) 

Where y{C) is the maximum throughput of the network Q. This condition is the same as 
stability condition derived from Lavenberg's theorem [6]. 
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2.4 The Approximate Algorithm for Solving A 
Queueing Network With Single Semaphore: 


Assumptions: 

• Input queue has infinite buffer capacity 

• The service discipline in the Input queue f(S) is FCFS 

• Network 1 and Network 2 are assumed to be of BCMP type 

• Customer ai lives at queue f(S) in a Poisson fashion at rate X . 

• Arrival process at queue e(S) is described by state-dependent arrival rate Y(k) 
•Interarrival times at queue e(S) are exponentially distributed with a rate Y(k) 

where k is number of outstanding tokens. 


Symbols Used : 

C - total number of tokens or permissions available, 
k - number of outstanding tokens i.e the number of tokens in queue e(S). 
X - Poisson ai rival rate of customers at the input queue. 

7 (k) - state dependent arrival rate at the token queue e(S). 


StepO; Evaluate the marginal probabilities of the input queue and token queue by using 
equation (2.7) to (2. 10). 

Stepl. Obtain the state dependent arrival rate y{k) by solving the closed queueing 
network Q shown in Fig 2 4 where k varies from 1,2...C. 

Steps : Compute the mean number of customer L,,^, in input queue e(S) by using the 

“ oo 

relation, (2-15) 
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Where /;(/)is the marginal probability distribution if there are /customers in 
queue f{S) v 

Step4' Find out the mean number of customer in queuing network Qi by using the 


equation 2.13 

Step5 Finally compute the mean response time T for a customer traversing from A to B 
in Fig 2 1 by using Little's formula [5] 


7 = 




(2 16) 


2.5 Analysis of Queueing Network With Multiple 
Semaphores 

Generally semaphore queue can be considered as a means of controlling the 
number of customers in a queueing network. These queueing networks can be combined 
by embedding one network within another to make a larger more complex system. In this 
section we give a method for computing the solution of such multiple semaphore 
queueing networks. For example we consider the nested queueing network shown in Fig 
2.6. In this figure (f/V, ,,,/ = 1,2,3,4 are four arbitrary BCMP queueing networks, and 

5, = 1,2 are two semaphore controlled queueing networks as shown in Fig 2.7. The 

index n refers to a level of .semaphore control. 

Let C„ and C,,., be the total number of tokens associated with the n'*’ and (n-1) 
level semaphore controlled queueing networks respectively. Semaphore controlled 
queueing networks S, = 1,2 themselves may contain other lower levels of .semaphore 

queues. Let us first consider the lowest level semaphore controlled queueing network 
5, as shown m Fig 2 7 As in section 2.3 we can link networks 2, and <22,,,-i to 

form a closed BCMP queueing network, call it as shown in Fig 2.8. 


in 




This closed queueing network can be 
algorithm in order to obtain (^) 


alyzed using the mean value analysis (MV A) 
id 7„_,{A) Here i?„_|(/c)is the mean time to 


1 1 











traverse network as a function of number of customer k in Q,,., and 7„_| {k ) is the 
mean throughput of closed queueing network Q,,., as a function of k . Mean throughput 
y^.^jlA'Ican also be considered as the rate at which tokens return back to the token queue 
e„.i(S) where k is the number of outstanding tokens. Obviously k varies from 1 to C„_, . 
Hence the mean response time of a customer between points A and B conditioned 

that he finds c customers (including himself) in queue fn.i(S) and in (2„_| upon arrival is 
approximately given by. 

/?„i(r) = | (2.17). 

The above expression can be explained as fallows. If c < C,,., then all the customers are 
in . Thus our customer is delayed by (c) . If c > C„_, then only C„_, customers 
are in 2,,-i ^ind remaining ( c-C„_|) are waiting in queue fn.i(S). So this can be seen as 
receiving a mean service time equal to 1/7„_,(C„_|) before it enters Q,,,., where it is 
delayed on the average by (C„., ). Thus we can obtain the above expression for 
I (c) when c- > C„ . 

Now in Fig 2.6 we can approximately substitute Si,n.i by a flow equivalent infinite 
.seivcr queue with a state dependent mean .service time equal to (c) where 

c =0,l....r„. Following similar logic we can also approximately substitute S 2 ,n.i by 
another flow equivalent infinite server queue. Now Q,,, and are the queueing 

networks consisting of QNi,,,, Si,n-i,QN 2 .n and QN 2 ,n, S 2 ,n-h QN 4 ,n respectively. Then Qi,n. 
Q 2 n and the closed queueing network consisting of Qi,n. and Q 2 ,n are all BCMP type 
queueing networks. Thus we can analyze it in the same way as a queueing network with 
single semaphore as described in Sec 2.4 
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Chapter 3 

Performance Evaluation of Multiple TCP Circuits 
2.1 Introduction 

We use tuuismission control protocol (TCP) when two application programs 
transfer a large volume of data from one machine to another. In these TCP connections 
data is defined as a stream of bits, divided into octets called bytes. To provide reliable 
.stieam delivery .service guarantee TCP uses a technique called sliding window protocols. 
In normal communication technique, when receiver receives any packet it sends back an 
acknowledgement (ACK) message for that particular packet. The sender keeps record of 
each packet it sends and waits for an ACK before sending the next packet. On the other 
hand sliding window protocol places a small, fixed size predefined window on the packet 
sequence and transmits all packets that he inside the window. Thus this protocol allow 
the sender to transmit multiple packets before waiting for an acknowledgement (ACK) 
Whenever first packet reaches to its destination it sends back an ACK to the sender Once 
the sender receives an acknowledgement for the first packet inside the window, it slides 
the window along and sends the next packet. The window continues to slide as long as 
acknowledgements (ACKS) are received. In case new acknowledgement stops coming 
then transmitter times out and .sends all the packets lying within the window. 

In this chapter we have pre.sented our modeling scheme and method for 
computing the performance analysis of multiple TCP connections. In Sec 3.2 we have 
introduced the concept of multiple TCP connection. In Sec 3.3 we have explained our 
modeling .scheme. Method used for solving two Semaphore queues with two class 
queueing network is given in Sec. 3.4 We have also discussed the Mean Value Analysis 
algorithm for solving the multiclass closed network in Sec 3.5. Finally, In Sec. 3.6 we 
have presented a general approximate algorithm for evaluating the performance of N TCP 
connections. 
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3.2 Multiple TCP Connections 


Transmission control protocol (TCP) allows multiple application programs on a 
given machine to communicate concurrently and it demultiplexes incoming TCP traffic 
among application programs. TCP uses protocol port numbers to identify the ultimate 
destination within a machine. Each port is assigned a small integer used to identify it. A 
pair of endpoints identifies a particular TCP connection. TCP defines endpoints to be a 
pail of integers [host, port) where host is the Internet address for the host and port is a 
TCP port on that host. For the example the endpoint (144.16.167.5, 10) specifies TCP 
port 10 on the machine with IP address 144.16.167.5. A connection is defined by its two 
endpoints. Thus if there is a TCP connection from machine (144.16.167.100) to machine 
(144 16 167.6) It might be defined by the endpoints: 

( 1 44. 1 6. 1 67. 1 00, 50) and ( 144. 1 6. 1 67 6, 90) 

Because TCP identifies a connection by a pair of endpoints a given TCP port number can 
be shared by multiple connection on the same machine. For example we can add another 
connection to the machine (144. 16. 167.6) from machine (144 16.167.200): 

( 1 44 1 6 1 67.200, 60) and ( 1 44 1 6. 1 67.6, 90). 

Thus an endpoint might be shared m the multiple TCP connections 

3.3 Modeling of Multiple TCP Connections with Shared 
Link 

As we have seen in the above section that a link might be shared in multiple TCP 
connections We can approximately model the multiple TCP connections of partially 
shared link with a sliding window protocol by using semaphore queues. Semaphore 
peimits us to model end to end window flow controls. Each TCP connection represents a 
virtual route consisting of all the nodes between source to destination. The flow and 
congestion control is taken care by window flow control mechanism for each end to end 
connection. The links are modeled as a infinite buffer queue. Multiple TCP connections 
have multiple window flow control. The multiple window flow control can be modeled as 
multiple class queueing networks with a population constraint for each class. In each 
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class the total number of packets allowed in a subnetwork cannot exceed a predefined 
number called wuidow si::e of that class. A subnetwork is a queueing network made up by 
the links that makes a particular TCP connection where a link is replaced by an infinite 
buffer queue Whenever any link is shared by the multiple classes, it has the traffic of all 
the classes. A particular class semaphore station consists of an input queue and a token 
queue. Every class has its own window size that is equal to the number of tokens 
available for that class or connection. 

Let us take an example to explain modeling concepts in a broader way. The 
multiple TCP connection under study consists of three nodes with two TCP connections 
as shown in Fig. 3. 1 






The first TCP connection is from node 1 to node 2 and the second TCP 
connection is from node 1 to node 3. The link (1-2) is shared by the two TCP 
connections. For every TCP connection we need one semaphore station to control its end 
to end window flow control. So we can model the above two TCP connections with two 
semaphore stations having two class of traffic. Class 1 traffic represents the traffic 
associated with first TCP connection and class 2 traffic denotes the traffic associated with 
second TCP connection. Each TCP connection has its own window size and connections 
are of piggyback type. In these type of connections receiver sends acknowledgement 
(ACK) via same virtual route through which packets are coming. The approximate model 
of the above connection is shown in Fig 3 2. 

In the figure class 1 traffic is represented by continuous lines ( ) and class 2 traffic is 

shown by breaken lines ( ). Each class semaphore station (S) consists of input queue 

f(S) and a token queue e(S). The link between two nodes is replaced by an infinite buffer 
queue. The number of tokens initially available for any particular class is equal to the 
window size of that particular class or connection. W 12 is the number of tokens available 
(window size) for the TCP connection from node 1 to node 2 and W 13 denotes the 
number of tokens available for the TCP connection from node 1 to node 3. Whenever 
packet of any class reaches at its destination the tokens associated with that class is 
returned back via the network of reverse queues. Now the above queueing model have 
two semaphore stations with two class of queueing network. We can compute the 
performance parameter of these TCP connections by solving it. Performance parameter 
includes the Mean number of packets in the system and Mean delay experienced by the 
packet in the system. 

3.4 Methods Used for Solving Two Semaphore Queues 
with Two Class Queueing Network 

Consider the queueing network described above and shown in Fig 3 2. The 
network consists of two class of Semaphore station The class 1 semaphore station 
consists of an input queue fi(S) and token queue e 2 (S). In the same way class 2 



semaphore station also have an input queue f 2 (S) and token queue 62 ( 8 ). When a packet 
of any particular class (class 1 or class 2 ) arrives at the semaphore queues, it requests for 
a token of that particular class. If a token is available of the associated class, the packet 
immediately departs with that token. If there is no token available in the token queue of 
corresponding class, the packet is blocked and forced to wait in the input queue of that 
particular class. This semaphore operation is described in mathematical form by two 
semaphore queues of different class shown in Fig3.3. 


queue 

1(8 ) 


A., ► 

3 ► 




Class 1 packets 

queue ei(S) 

— ^ 

7 , (/:./) ► 

J ^ 

1 

queue 

— 1 — 

hiS) 


X: ► 

0 ► 



U 

Class 2 packets 

queue 02(8) 

► 


d 0 



Fig 3.3 Two Semaphore Stations with Two Class 

In particular, we first analyze the system shown in Fig 3.3 assuming that the arrival 
processes at queue ei(S) and e 2 (S) is described by state dependent arrival rates 
7 ,(A:,/)and 7 ,(A’,/)iespectively. Where k and I are the outstanding tokens for class 1 
and class 2 respectively. The system depicts the .semaphore operation described above. 
The arrival process at queue fi(S) and f 2 (S) is assumed to be Poisson distributed. There 
are C, number of class 1 tokens and C, number of class 2 tokens. We also assume that the 
interarrival times at queues ei(S) and e 2 (S) are exponentially distributed 

The state of the system in equilibrium can be described by tuple {i, j,m,n), where 
i IS the number of class 1 packets in queue fi(S), j is the number of class 1 tokens in 
queue ei(S), m is the number of class 2 packets in queue f 2 {S) and n is the number of 
class 2 tokens in queue e 2 (S). We have assumed that the input queue of each class 
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semaphore queues is a finite capacity. The buffer capacity of class 1 input queue is h; 
and the buffer capacity of class2 input queue is h 2 . The rate diagram associated with this 
system is shown m Fig 3 4. From this rate diagram we can write the state equations as 
fallow. 


/HO, r, ,0, C, )(A, + A, ) - 7 , (1.0)/;(0, C, - 1,0, C, ) - 7 , (0,1) p(0, C, ,0, C, - 1) = 0 (3. 1 ) 

/;( 0 , /,0, C, )[ 7 , (C, - /.O) + A, + A, ]- A, p(0, / + 1,0, C, ) - 7 , (C, - j + 1,0) p(0, / - 1,0, C, ) 
- 7 ,(C, -./,,1)/H0, y-0,C, -1) = 0 / = C, - IC, - 2,...2,1 (3.2) 

p(/, 0 , 0 , C, )[A, + A, + 7 , (C, , 0 )]- A, p{i - 1 , 0 , 0 , C, ) - 7 , (C, ,0)p(/ + 1 , 0 , 0 , C, ) 

7 ,(r, . 1)/H/,0,0,C, -1) = 0 / = 0,1,2...(/;, - 1) (3.3) 

P(/V0.0,C')[A, + 7 , (C,, 0)1 -A, />(/?, -1,0,0, C,)- 73 (C,, l)p(/?,. 0,0, C,-1) = 0 (3.4) 


p(0,C,.0,/?)[7,(0,C, -/;) + A, +A,]-7|(1,C, -/i)p(0,C, -1,0,;?)- A3p(0,C|,0,n + l) 


- 7,(0,C, -;? + 1)/;(0,C|,0,7; - 1) = 0 ;? = C, -1,C, -2,...2,1 (3.5) 

p(0,,/,0,;?)[A, + A, +7|(C, - /,C, -;i) + 7,(C, - pC, -n)]- A|P(0,y + l,0,n)- A,p(0, /,0,n + l) 

- 7,(C| - /,C, - /; + l)/;(0, /.0,/z - 1) - 7,(C, - / + 1,C, - n) p{0, j - \,0ji) = 0 (3.6) 


where 


[/? = C, 


2.1 

2.r 


/;(/.0,0,/?)lA, + A, +7,(C,,r, -;?) + 72(C,,C,-7?)]-A,/;(/-l,0,0,?^)-7,(C,,C,-/? + l)p(^•,0,0,7I- 
~ 7,(C,.C, -;?)/;(/ + 1,0,0.;?) = 0 (3.7) 


)/ = 1,2 ..(/;,-!) 

where [ ;? = C, - 1, .1 


p{h^ - 1,0,0,;?)[A, +7|(C|,C, -;?) + 7,(C|,C, 


- n)] — X^p{b^ -l,0,0,n + l)-A‘p(^, -l,0,0,n) 


- 7,(C,, C, -;? + !)/;(/?, -1,0,0,;? -1) = 0 « = C, - hC, -2,...,2,1 (3.8) 

/;(0, C, , /;?,0)[A, +^+7. (0, C, )] - X,p{0,C^ , m - 1,0) - 7,(1, C, ) p(0, C, - 1, ;;i,0) 

-7,(0,C,)p(0,C,,/?? + l,0) = 0 m = 0,l,2...(Z?3-l) (3.9) 

p(0,,/,;;2,0)[A, + A, +7|(C, - ,/,C,) + 72 (C, - ^C,)]- A,p(0, / + l,m,0) - A 2 p( 0 , y,;n-l,0) 
-7i(C, - j + 1,C, )/;(0, 7- 1,;?;,0)-72(C, - i,C7)p{^, /,m + 1,0) = 0 (3.10) 
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Where 


/ = C, -IC, -2...2,1 
/;; = 0,1,. .(/),-!) 


/H/,0,/?;.0 )[A, + a, + y, (C,, C ) + 7, (C, , C )] -\p{i - 1,0, m,0) - X,p{i,0,m - 1,0) 
- 7, ( C, , C, ) p( / ,0, /» + 1,0 ) - 7, ( C, , C, ) /;>(/,0, /?? + 1 ,0) = 0 


where 


I ; = 0,1 .,(/5| - 1) 
|m = 0,l .,(/>,-!) 


( 3 . 11 ) 


/?(/?! .0.»/.0)[A, + 7|(r|,C, ) + 7,(C, ,C,)]- A,/?(fo, - l,0,/7j,0) - X2p{h^,0jn - 1,0) 


-7,(C|,C,)/j(/v0.w + l,0) = 0 m = 0,1,.. ,(/?,- 1) (3.12) 

p( 0. C, , />, ,0) [A, + 7, ( 0. C, )] - A, p(0, C, .1 9,0) - 7, ( 1, C, ) /?(0, C, - 1, ,0) = 0 (3.13) 

/nO, /,/>, -1,0)1A| +7j(C| - /,C) + 7,{C| - /,C,)]- A|/?(0, / + l,/j,,0)- AV(0, /,/7,-1,0) 
-yi0^i-./ + K<^:)/A0, /-l,/j,,0) = 0 ./ = C, -1, 2,1. (3.14) 

/H?,0,/7,.0)[A| +7|(C, ,C_,) + 7,(C,,CO]- A,p(/- 1,0,^,,0)- A,/7(f,0,Z?, - 1,0) 

-7,(C,,C)/)(/ + 1.0./>,,0) = 0 / = 0,1, 2,. -1) (3.15) 

h^ C , /);> C , 

* ( 3 - 16 ) 

I A) I 1 />/ A) /j-1 


After solving the simultaneous equations (3.1) to (3.16) we get the probability of each 
state shown in Fig 3.4. Now we can easily calculate the marginal probability for the input 
queue and token queue of each class by following relations. 

C , /), c, 

= SZSf(02'»^«) (3.17) 

/=-() m-OnM) 


h, C', C\ 

,=() /=0//=0 
Ih l>2 C, 

Pc^ I S ) (i) = ££X p{Uj,m,n) 

/ii=0n=0 


( 3 . 18 ) 

( 3 . 19 ) 


^ 1 


1-0 / = 0 / 11=0 


( 3 . 20 ) 


Where p, ,,.,)(/), /?,,,s)(»0^P<i(.v, (,/)./?,., (5)(«) are the probability that there are i packets in 
the input queue of class 1, probability that there are m packets in the input queue of class 


on 



2, probability that there are j number of tokens in the token queue of class 1 and 
probability that there are n number of tokens in token queue of class 2 respectively. 

Now, expression (3 1) to (3.16) are obtained assuming that 7 |(A',/)and Yj.(k,l)iire 
known, where k and / are the number of outstanding tokens for class 1 and class 2 
respectively This can be approximately obtained by solving the two class closed 
queueing network (call it Q ) obtained by linking the queueing networks of class 1 and 
class 2 as shown in Fig 3.5. The dark line repre.sents class 1 and the dash line represents 
class2. 
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Fig 3.5 A two class closed queueing network Q for the TCP 
connections shown in Fig 3.2 


We can calculate the throughputs of class 1 and class 2 queueing networks with k and / 

packets of class I and class 2 respectively, where k =0,1 C'and I = 0,1.. ..C^ Then 

class 1 throughput of this network Q will give the airival rate y,(A,/)and class 2 
throughput will give the arrival rate 7,(A,/). We can solve this multiclass closed 
queueing networks by using Mean Value Analysis (MVA) technique as given below. 


3.5 Mean Value Analysis (MVA) Algorithm for solving 
the multiclass closed queueing networks 


In the multiple class closed network all the jobs of all different classes are to be 
circulated inside the system. There will be no external arrivals to the system and hence no 
departures out of the system. The technique used to evaluate the closed queueing netwoik 



IS the mean value analysis (MVA) technique. We can calculate the parameter mean 
waiting time and mean throughput at each queue in closed multiple class queuing 
networks. 

The MVA algorithm is based on the Mean Value Theorem [7]. This theorem 
states that a customer of class k arriving to a queue in the network would see the same 
average number in the queue as an external observer would see if the network had one 
less customer of class k The concept of visit ratio is used in the algorithm. Visit ratio at 
node k , Vk is the ratio of throughput of node k to the throughput of the reference node 
in the network Foi the analysis of closed networks node 1 is arbitrary selected as 
reference node In mean value analysis, we first initialize and compute the waiting time at 
each queue for each class in the network. Next we compute the throughput of each class, 
followed by mean queue length at each queue for each class in the network. Finally we 
update the queue length distribution. These parameters are computed iteratively until we 
reach the total population of each class 

Assumptions: 

• All the queues in the network have infinite buffer capacity. 

• There are no external arrivals to any of the queues for any of the clas.ses. 

• Classes are independent and the routing probabilities for each class in the 

network are static. 

• Exponential service times foi all classes at all nodes in the network. 

• There is FCFS type of service discipline in the network 

• There is at least one class of jobs with a non-zero population. 

Symbols Used: 

N- number of nodes in the network 

R- total number of classes 

m - number of servers at node i for i=l ,2, . . . ,N 

t,k - mean service time at node of class k for i = 1,2, N & k=\,2, ,R 

^f^ik] ■ mean number of class k customers at node i for ; = & k = 1,2. ..i? . 
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E[Vy,K] - mean waiting time of class k customeis at node i for i = 1,2,. ,N 

&k = \X .,R 

- mean throughput of class k customers at node i for / = 1,2,..., N 

&k = \,2,. . .,R 

V,i, - visit ratio of class k cu.stomers at node / for i = 1,2 ... N & k = 1,2 R 


E[M]=X E[/V,k] for / = 1,2 ,N 

k 1 


C - {C| .C,.. population vector where is total population of class k 

0 - {(),() ()}, zero vector, zero in each class for all R classes 

ej,- {(),(). . .. 1,0 ()}, unit vector in the k'*' position. 


StepO: Initialization: 


L/V,(0) = 1.0 

for i = 1,2.... 

.N 

/^(0,0 )= 1.0 

for i = 1,2... 

,N 

."0 

il 

o 

b 

for i = 1,2,. 

,N 

Stepl. Do steps 3,4 & 5 for t, = 0,1,.. 

..,C,,c, =0,1 

.,c^ =0,1.... ,Q 


Stcp2: Do for A = 1,2 R&i = 1,2 N 


V,^ LN(C ) 


W„(C) = 


I,k V,|, 

tn, ~ 1 

T„ V„ LN,{ C ) + 2^ (/«, - j)P, (./ - 1, C - ^) 

/=! 


Wk(C)= X w.k(C) 


K{C) = 


Ck 


Step3: LiVi(C ) 


Wk(il) 

±X V.kW,k(C) forJ=1.2,. 


....,N 


k^\ 


Step4; Do for / = 1,2 N & j = 1,2, ,m, - 1 




XdC)W., t,i PM-l.C-e,) 

« ,^1 
2w Va u + 2, ( /^ £ ) 


P,(0,C) = 


/». 


Step5: Find out the mean number, mean throughput and mean waiting time of each class 
at each node by following relations 

£- Kvr,. .Q,} 

E[N, ] = LN^C ) - 1 for i = 1,2 ..,N 


/flMkl = lijC' ) w.tiC ) for / = l,2...yv &k = 1,2,.../? 


ilVV.kJ 


_W,K (£)- V,K T,k 

V,, 


for i = l2 /V&it = 1,2, 


R 


?k,k = k (C ) V,k for i = 1,2 ,N&k = 1,2 ,/? 


3.6 The Approximate Algorithms for Computing the 
Performance of Multiple TCP Connections 

As discussed in Sec 3.3, We can model the two TCP connections by two 
semaphore stations with two classes of queueing networks. In the same way, we can also 
model the multiple TCP connections by using multiple semaphore stations with multiple 
class of queueing networks. A separate class characterizes the traffic of each TCP 
connection. For every TCP connection there is a fixed virtual route. In the model, each 
link of a virtual route is replaced by a infinite buffer queue. Thus for N TCP connections 
we have N class of queueing networks made by the N class of virtual routes. In this 
section we have proposed an algorithm to compute the performance parameter, mean 
number of packets and mean delay experienced by a packet for each TCP connection. To 
make the algorithm general we are considering that there are N TCP connections. So 




theie will be N semaphoie stations. Each semaphore station (S) has a input queue f(S) 
and a token queue e(S). 


Assumptions: 

• There are N TCP connections. 

• Theie are M links in n’’’ TCP connection. 

• Input queues oi all the classes have finite buffer capacity. The buffer capacity of 
ii"' class input queue is h,, 

• The seivice discipline in the input queue of all the classes is of first come fir.st 
serve (FCFvS) type 

• Packets aiiivc at the input queue of all the classes m Poisson fashion, at the rate 
ol ^ 1 , Xi. . . ,A ,n for the cla.ss 1 , class 2, . . .,class N respectively. 

• Arrival process at the token queue of n'*' class en(S) is described by state 
-dependent arrival rate y„(ki,k 2 , ..,k„_...,kN), where kik 2 ...,X„ are the number of 
outstanding tokens for class 1,2. ..,N respectively. Here n varies from 1 to N. 

• Intcrarrival times at the tokens queues of all the classes are exponentially 
distributed 

Symbols Used: 

Cii - Total number of tokens are permissions available for the n'^ class TCP circuit. 
k„ - Number of outstanding tokens for n'*’ class TCP circuit. 

Xn - Poisson arrival rate of packets at the input queue of n'** class TCP circuits. 

Yn (ki ka, k„) - state dependent arrival rate of the n'*’ class TCP connection when 

ki,k 2 . .,kn number of tokens are out from the token queues of class I,2....N 
respectively. 

Y„(,/|, /\ - joint probability distribution when there are _/,, /k, ., /„ number of 

tokens are available in the token queue of class l,class2,. ., class n respectively. 



)-A\g. delay (including the processing delay at server) at the queue 
ot n'*' class having /i,,/?,.. number of classl, class2,..., class n packets respectively in 
the N class closed queueing network (Qn). 
h,i - Bultei capacity of n''' class input queue. 


StepO Prepare the queueing model for the N TCP connections by using the N semaphore 
stations with N class of queueing networks as explained a case of two TCP 
connections in Section 3.3. ' 

Stcpl : Draw the state diagram for the queueing model. Generally for N number of TCP 
connections there will be N dimensions and 2N tuple in the state of the system as 
shown in Fig 3 6 for the two TCP connections. 

Stcp2; Obtain the state dependent arrival rates 7„(kpA:,,...,k^)of all the token queues by 

.solving the N class clo.sed queueing networks. The N class closed queueing 
networks can be obtained by linking the N queueing networks made up by the 
virtual routes of N TCP connections The state dependent arrival rate of particular 
class will be equal to the throughput of that particular class. 

Step3: Eivaluate the marginal probabilities of input and token queue of each class in a 
similar way as calculated in et]uations (3.17) to (3.20) for the case of two TCP 
connections 

Step4: C'ompute the mean number of packets ,,v, at all the input queues fi(S), 

fi(S),...tN(S) of N semaphore stations by using the following relation. 

For « = 1,2, .,/V 




hnA-i 


( 3 . 21 ) 


/=^() 


where />„{/) is the marginal probability distribution if there are i customers in 
queue fn(S). 

Step5‘ Find out the mean delay experienced by the packet at each forward queue of the 
queueing networks of all classes and throughput of each class. These parameters 
can be found by solving the N class closed queueing network (Qn) by using 
multiclass MVA algorithm described in Sec 3.5. 



Algorithm 3.6 continued 

Step6. Evaluate the mean number of packets, at each forward queue of the queueing 
network of all classes. The mean number of packets at the m'”’ queue of n”’ class 
queueing network is given by following relation, 

{ ( ( 

(1 (t 

(3.22) 

n=1.2 N mill iii=l,2...M. Assuming that there are M forward queues in the n'*' 
class queueing network 

Step 7 Tt>tal mean number of packet for n’’’ TCP connection will be, 

V A/ 

1 

A',„ 


> tvi 

Lm> 


(3 23) 


/t"! m~\ 


Step 8. Calculate the delay {D„) for all the unshared links individually, in the n’^' TCP 
connection. The delay for m’‘' unshared link in the TCP connection is simply 
given b\ following equation. 

L 


D. 


nm /X 


(3 24) 


Step 9; If m"' link of u"' class is shared with the l"' class then the mean delay (D,,/) 
provided by that link would be. 


/>.,■ 


( I + / 

Im 

^ K + ^1 j 


(3.25) 


Step 10: Compute the delay for n"' TCP connection T„ by adding the all link delay plus 
the delay provided by the input queue of n"' class semaphore station. Suppose 


there are nii unshared and mi shared links in the n"' TCP connections, then 


L 

v;=S D„.,+lD,+^ 


(3.26) 


/=! 


Step 1 1 : Utilization of /?"' class semaphore queue is defined as percent of time the token 
queue of n"' class en(S) is busy. First calculate the probability that token queue 
of /i'^' class is idle 


niuHc) 





On the basis of abo\’e modeling scheme presented in this chapter some examples have 
been solved anti \eufied thiough the simulation in the next chapter. 



Chapter 4 

Examples and their validation through simulation 

In Chapter 3 we have discussed that the multiple TCP connections can be 
modeled by using nuilticlass semaphore queues where each class represents the traffic of 
a paiticLilar TCP connection. Further in section 3.5 we have developed an approximate 
algorithm toi soh ing the.se multiclass semaphore queues. By this approximate method, 
we can evaluate the pertormance parameters i.e , mean number of packets, utilization and 
mean delay experienced by a packet for each TCP connection. We also obtain the 
perfoinuince parameters through simulations and compare the results to show that our 
appioximate appioach is indeed applicable with some constraints. In this chapter we have 
given three examples to explain our algorithm properly For the simplicity of 
mathematical analysis, we have always considered that there are two TCP connections 
with one shared link. We have also assumed that the window size for all the classes are 3. 
In all the examples, dark lines ( — ) represent the class 1 traffic and the dashed lines 
( ) represent the class 2 traffic. 


Example 4.1 

In this example we have considered two TCP circuits with three nodes as shown 
in Fig 4.1. The first TCP connection is from node 1 to node 2 (TCP^) and the .second 
TCP connection is from node 1 to node 3 (TCPn)- Link 1-2 (L 12 ) is shared by both the 
TCP connections For these connections, the basic queueing model is shown in Fig 4.2. In 
the model, input queues of both the classes have finite buffer capacity of 20 packets 
After accumulation of 20 packets in the input queue of any class, the arrival of packets of 
that particular class is blocked. The blocking is considered of rejection type. We have 
assumed that when a packet reaches its destination, it returns the token back to the token 
queue at higher service rate. The shared link L 12 queue has the traffic of both the classes. 
The condition for the solution existence puts a limit over the maximum allowable arrival 
rates of different classes. According to that condition, the arrival rate of any class should 
be less than the maximum throughput achieved by that class in the two class closed 



queueing network obtained by linking Qi, Q2, Qj and Q4. So,!,, < 7|(3,0) = 1 99 and 
A,, < 7,(0,3) = 1 .75. where y,(3,0) and 7,(0, 3) are the maximum achieved throughputs 
for class 1 and class 2. Thus we have a common region of A/? and A/^ under which we 
can operate our network without being congested. Choosing the arrival rates for both the 
classes within the maximum permissible value we have computed all the performance 
parameter (mean number of packets, mean delay experienced by a packet and semaphore 
utilization). Table 4 1 gives the service time for the different queues in the network. In 
Tables 4.2, 4.3, 4 4. 4 5 and 4.6 the computed and simulated values of performance 
parameters for TCP connection from node 1 to node 2 (TCP12) are given. Confidence 
interval (for 969 <' confidence level) for the mean delay for TCP12 is shown in Table 4.6. 
Tables 4.7, 4.H, 4.9. 4.10 and 4.11 give the performance parameters for the TCP 
connection from node 1 to node 3 (TCPn). 





Service time 

Qi 

Q2 

Q.2 

Q4 

Class 1 


0.000000 

0.005000 

0.000000 

Class 2 

0.500000 

0.333333 

0.003333 

0.003333 


Table 4.1 Service time of queues in Example 4.1 
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0.000000 

0.000000 

0.000000 

0.4 

0 249905 

0.658313 

0 951001 

1.312271 

1.743263 

2 475137 

2.844466 
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Table 4.2 Computed values of total mean number of packets for TCP 12 in Example 4.1 on 
different arrival rates of the two classes 
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Table 4.3 Simulated values of total mean number of packets for TCPi 2 in Example 4.1 on 
different arrival rates of the two classes 
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'Fable 4.4 Computed values of total mean delay for TCP 12 in Example 4.1 
on different values of arrival rates of the two classes 



).() ( 

).4 ( 

).6 1 

1.8 

l.O 

1.3 

1.5 

o.d 

Iddddob" " 

l.OOOOOO 

1.000000 

0.000000 

0.000000 ( 

0.000000 ( 

0.000000 

0.4 

).6 19248 
t0.01453 

[).8379d50 

±0.026661 

0.956202 

±0.029610 

1.115399 

±0.054414 

1.259022 

±0.08333 

1.570922 

±0.108986 

.645687 

±0.066141 

08 

0.824005 

+0.016457 

1.257888 

±0.072959 

1.622272 

±0.173435 

2.341455 

+0.209988 

2.806448 

±0.421977 

3.273266 

+0.422163 

3.767662 

+0.342017 

1.0 

0.976479 

±0.043214 

1.769342 i 
±0.146928 

2.69959 P 
±0.299600 

4.808208 

±0.777572 

6.547940*^ 

±1.064917 

6 959349 
±1.001051 

7.045205 

±0.943901 

1.3 

1.402876 

+0.106476 

3.240502 

±0.350234 

6.131747 

±1.031055 

10.73898 

±0.989932 

13.00818 

±0.662464 

13.28001 

±0.573151 

13.47142 

±0.758148 

1.5 

2.056926 

+0.205610 

5.854708 

±1.016200 

9.368786 

±1.011263 

12.56498 

±0.679899 

13.10519 

±0.466659 

13.26497 
±0 547242 

13.65406 

±0.301698 

1.7 

2.900313 
±0 379893 

d 1448 13 
±0.960387 

10.61888 

±0.496163 

12.07636 

±0.488890 

13.78771 

±0.239284 

13.80364 

±0.176766 

13.92831 

±0.156895 


Table 4.5 Simulated Values of total mean delay along with the confidence level (95%) for TCPn 
Example 4.1 on different arrival rates of the two classes 
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'I’able 4.6 Semaphore utilization for TCPu circuit in Example 4.1 on different 
arrival rates of the two classes 
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Table 4.7 Computed value of total mean number of packets for TCP 13 in Example 4.1 on 
different arrivals of the two classes 
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Tabk* 4.8 Simulated values of total mean number of packets for TCP13 in Example 4.1 
on different arrival rates of the two classes 
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Tables 4.9 Computed values of total mean delay for TCP13 in Example 4.1 on 
different arrival rates of the two classes 
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'I'abk' 4.10 Siiiitiiatt'cl values of total mean delay along with the confidence level 
\ for in Example 4.1 on different arrival rates of the two 
classes 



rable 4.1 1 Semaphore utilization for TCPu circuit in Example 4.1 on 
different arrival rates of the two classes 



!l can be seen that the results are close to the results obtained from simulations and are 
within the confidence intcivals for a 96% confidence level. It can be noted that in case of 
high semaphore utilization the approximate average delay is slightly overestimated. The 
relative error is within limit for utilization upto 0.85. Thus it can be concluded that 
accuiacy of approximate algorithm depends upon the semaphore utilization for each TCP 
circuit. 


Example 4.2 

This example also considers two TCP connections with one shared link in a three 
node network as shown in Fig 4.3. The fust TCP connection is from node 1 to node 3 
(TCPii) and the second TCP connection is from node 2 to node 3 (TCPir). Link from 
node 2 to node 3 (L 2 d is shared between both the TCP circuits. The buffer capacity of the 
input queue is 20 According to the condition of solution existence. A,, < 7 , (3,0) = 1.573 
and A,, < 7 ,( 0 . 3 ) = 4.0, where 7 , (3,0) and 7 ,( 0 , 3) are the maximum achieved 
throughputs l\>r class 1 and class 2. Choosing the arrival rales for both the classes within 
the above maxinuun permissible value we have computed the performance paiameteis 
(total mciin numbei of packets, total mean delay experienced by a packet and semaphore 
utilization) for each TCP connection. Table 4.12 gives the .service time for the different 
queues in the network. In Tables 4.13, 4.14, 4.15, 4.16, and 4.17 the computed and 
simulated values of performance parameters for TCP connection from node 1 to node 3 
(TCPn) are given. Tables 4.18, 4.19, 4.20, 4.21, and 4.22 give the performance 
parameters for the TCP connection from node 2 to node 3 (TCP?.^)- 
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Fig. 4.3 An example of two TCP connections with shared link L 23 
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Table 4.1 2 Service time of all queues in Example 4.2 


— ^ ( 

\ 1 / 

y.() 

:).5 ( 

J.7 

3.9 

1.1 1 

1.3 

1.5 

0.0 1 

D.OOOOOO 

0.536764 

0.859422 

1.307039 

1.993890 : 

3.219232 

5.750450 

0.5 

0.000000 

0.742212 

1.107094 

1.623669 

2.446258 

4.001900 

7.291587 

1.0 

0.00()()00 

1.028773 

1.464818 

2.102774 

3.182603 

5.400415 

9.913705 

1.5 

oidooooo 

1.425323 

1.981947 

2.845975 

4.475437 

8.077865 

13 86991 

2.0 

o.(K)6()oo 

1.961866 

2.717234 

4.026743 

6.972412 

12.86821 

18.17732 

3.0 

0.000000 

3.440868 

4.610153 

6.844387 

12.43600 

18.84812 

21.29049 

3.5 

o.ooodoo 

3.987033 

5.016369 

7.116753 

12.61399 

18.92068 

21.39605 


Tables 4.13 Computed values of total mean number of packets for TCPi3 in 
Example 4.2 on different arrival rates of two classes. 
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Table 4.14 Simulated value of Mean number of packets for TCPu in Example 4.2 
on different arrival rates of two classes 
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Table 4.15 Computed Value of total mean delay of packets for TCP 13 in 
Example 4.2 on different arrival rates of two classes 









A|-r> 

LMH 

0 0 I 

0.5 

0 7 

09 

1 1 

1.3 

1.5 

00 ^ 

0 OOOOOO 

070545 

±0.010343 

1.193006 

±0.023136 

1.383247 

±0.042309 

1.780185 

±0.115312 

2.239742 

±0.139437 

3.465634 

±0.520762 

0 5 

0 000000 

1.074604 

±0.015753 

1.259552 

±0.036903 

i. 494504 
±0.070909 

1.841342 

±0.091024 

2.524223 

±0.204575 

4 118170 
±0.782437 

1.0 

0.(X)0000 

1.165666 

±0.034541 

1 .343476 
±0.047995 

1 588876 
±0.081484 

2.082701 

±0.178883 

3.018454 

±0.541194 

5.360453 

±0.973615 

1 5 

0,000000 

1217913 

±().()40448 

1.455818 

±0.084925 

1.861365 

±0.141982 

2.599897 

±0.246742 

4.441034 

±0.795726 

7 629502 
±1.137693 

I?) 

(UKKKMkr^ 

L297906 

±0.067362 

1 .592525 
±0.116451 

2213591 

±0.214894 

3.026420 

±0.344178 

5.941083 

±1.591557 

10.47425 

±1.089477 

r(T” 

O.OIKKHK) ' ’ 

1.570963 

±0.110966 

1.941121 

±0.143362 

2.554221 
±0 234129 

4.091444 

±0.409603 

9.154947 
±1 159090 

13.47244 

±0.529901 

3.5 



iH 

2.624049 

±0.219907 

4.065880 

±0.622420 

9.213251 

±1.530425 

13.05343 

±0.901044 


Table 4.16 vSiniulated values of total mean delay along with the confidence level 
(96% ) for TCPi h in Example 4.2 on different arrival rates of the two 
classes 
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Table 4.17 Semaphore utilization for TCP 13 circuit in Example 4.2 on different 


arrival rates of the two classes 
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I'able 4.18 Computed values of mean number of packets for TCP 23 in Example 
4.2 on different arrival rates of the tvs'o classes 
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Table 4.19 Simulated value of total mean number of packets for TCP 23 in Example 
4.2 on different arrival rates of the two classes 
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Table 4.20 Computed values of total mean delay of packets for TCP 23 in Example 
4.2 on different arrival rates of the two classes 
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Tibte ijlSiinurated values of total mean delay of packets along with confidence 
level (96%) for TCPu in Example 4.2 on different arrival rates of the 


two classes 
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'ruble 4.22 Semaphore utilization for TCP 23 circuit in Example 4.2 on different 
arrival rates of the two classes 


Again the results are close to the results obtained from simulations and are also well 
within the confidence intervals of 96 %. It can also be noted that in the case of high 
semaphore utilization the approximate average delay is slightly overestimated. Again the 
iclative error is w iihin limit for utilization upto 0.85. 


Example 4.3 

This example considers two TCP connections with one shared link in four nodes 
as shown in Fig 4.5. The first TCP connection is from node 1 to node 3 (TCPi^) and the 
second TCP connection is from node 2 to node 4 (TCP24)- Ln^k from node 2 to node 3 
(1.:,) is shared between both the TCP circuits The buffer capacity of the input queue is 
20. According to the condition of .solution exi.stence, A,, < y|(3,0) = 1.75 17 and 
A,, < y, (0,3) = 0 . 9 . where y,(3,0) and y,(0,3) are the maximum achieved throughputs 

for class 1 and class 2. Choosing the airival rates for both the classes within the above 
maximum permissible value we have computed all the performance parameter (mean 
number of packets, mean delay experienced by a packet and semaphore utilization) 
Table 4.23 gives the service time for the different queues in the network. In Tables 4.24, 






















4.25. 4 26, 4 27. and 4.28 the computed and simulated values of performance parameters 
for TCP connection from node 1 to node 3 (TCP13) are given. Tables 4.29, 4.30, 4.31, 
4.32. and 4 33 gu'c the pertormance parameters for the TCP connection from node 2 to 
node 4 (TCP;}) 



Fie. 4.5 An example of two TCP connections with shared link L 23 


Fig 4.6 Queueing model of the TCP connections shown in Example 4.3 
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Table 4.23 Service time of the queues in Example 4.3 
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I'able 4.24 ( 'omputeci values of total mean number of packets for TCP13 in 
Examples 4.3 on ditTerent arrival rates of two classes 
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’able 4.25 Simulated val 

ue of total mean number of packets for TCP13 j 

in Example 


4.3 on different arrival rates of the two class 
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'Fable 4.26 C'oniputed values of mean delay of packets for TCP 13 in Example 4.3 on 
different arrival rates of the two classes 
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'fable 4.27 Simulated values of total mean delay along with the confidence level 
(95<7r ) for TCP 13 in Example 4.3 on different arrival rates of the two 
class 



r 


' 1 ^! 

0.4 

0.6 

08 

1.2 

1 5 

K )() 

')()() 

0.00 

0 00 

0.00 

0.00 

0 00 

0 2 

0 . 2s 

0.30 

0.31 

0.33 

0.37 

0.40 

t )3 

i 

(MO 

0 43 

0.45 

0.47 

0.52 

0 56 

!()5 

1 

() 63 



0.66 

068 

0.71 

0 78 

0.81 

hb 

0 73 

1 

0.76 

0.78 

081 

0.88 

0.90 

o . s ~ 

03 ) 0 ' 

0.92 

0 94 

0.96 

0.99 

0.99 


Table 4.28 Semaphore utilization for TCP 13 in Example 4.3 on different arrival 
rates of the two classes 
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fable 4.29 C: 

omputed values of total 

mean numl 

ber of packets for TCP 24 in Example 


4.3 on different arrival rates of the two classes 
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'I’able 4.30 Simulated value of total mean number of packets for TCP 24 in Example 
4.3 on different arrival rates of the two classes 
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Table 4.31 Computed values of total mean delay of packets for TCP 24 in Examples 
4.3 on different arrival rates of the two classes 
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I’able 4.33 vSemaphore utilization for TCP24 circuit in Example 4.3 on different 
arrival rates of the two classes 

In this example also, the results are close to the results obtained from simulations and are 
well within the confidence intervals of 96%. It can be noted again that in the case of high 
seniaphoie utilization the approximate average delay is slightly overestimated. The 
relative error is within limit for utilization upto 0.85. 



Chapter 5 

Conclusions and Suggestions for Future work 


Traiisnussion control protocol is used when we need sustained interchange of data 
between twvr machines. To provide the reliability of data transfer it uses the sliding 
window tnechanism These TCP connections with sliding window principle have been 
nuHieled b\ using semaphore queues. The desciiption of semaphore queues is described 
in the eailiei part of this thesis. Basically semaphore queues can be considered as the 
means ot controlling the number of customers in a queueing network. It permits us to 
model node to node and end to end window flow controls. We have modeled the single 
TCP conneciitin b\ using a semaphore queue and replacing all the links by a infinite 
buffer queue. 

In this tliesis multiple TCP connections with shared links are emphasize. Multiple 
T(’P connections are modeled wath the help of multiple semaphore queues. In order to 
dillerctutate the tiaflic of one 1XT connection from another one a separate class for each 
TCP connection is used. Thus we have modeled the multiple TCP connections by using 
multiple seniapliore queues with multiclass traffic where each class represents the traffic 
of a particular TCP connection. First wc have given an approach to solve the two class 
semaphore queues tor two TCP connections. Further we have derived an approximate 
method to solve this multiclass semaphore queues in the same way as in the case of two 
TCP connections, B\’ this method we can evaluate the performance of each TCP 
connection. Performance parameters include total mean number of packets, total mean 
delay experienced by a packet and utilization of the semaphore queues. Finally we have 
N alitlatcd our computed results through simulations. The theoretical results are close to 
the icsults obtained from simulations and are also well within the confidence intervals for 
a confidence le\'el. Wc also note that in the case of high semaphore utilization the 
approximate average delay is slightly overestimated. The relative error is within limit for 
utili/ution up to 0.K5. Thus finally, it is concluded that accuracy of approximate 



algoniiiin cncn m this thesis depends upon the semaphore utilization for each TCP 
eiieiiit 

ions for tlie Future work 

We have pieseniei.1 an approximate algorithm to evaluate the performance of 
inulttplc TCP v'lK lilts with partialK shared link The solution existence criteria puts a 
lestiiclion o\ei the .tiiixal rates of different classes that we can permit to go inside the 
nelwi^ik W’e h.oe also seen that our algorithm works properly below the semaphore 
uiili/alion t) S's 1 luis we have a safer region between the arrival rates of different class 
wheie vve sail opeiaie out iietwiuk without being congested. In futuie, the work can be 
extended to liiul ihe aiialvsis algonthin lor semaphore utilization greater than 0 85. This 
iiHHlel can be iiuoipoiated in tratfic flow management software in a network. 

t (Queueing network Analysis Tool) is a software package developed in 
lil-./.\t'l'.S. in Kaiipui and is used to analyze queueing networks. Since in the algorithm 
presented in this thesis we need ti> solve imilticlass closed queueing networks it can be 
ineoipiuated in (,)N \ 1 
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